The regolith sampling process is risky but a key procedure in planet exploration. It not only accounts for the uncertainty of the soil particles that interacted with the bucket, but also the automated operation of the sampling manipulator. In this paper, the sampling process for lunar regolith, which involves the coupling between the microscopic lunar soil particles and macroscopic sampling mechanism, is analyzed. A discrete element model (DEM) that considers the torsion, bending and equivalent attraction between two particles is proposed for lunar soil modeling, whose microscopic parameters are calibrated based on tri-axial experimental results. Then a dynamic model for a lunar sampling manipulator is established using Lagrange formulations, and operation space control is applied to the manipulator to make the bucket move along the expected excavation trajectory. The numerical results show the whole sampling procedure, which considers the interaction between lunar soil and the bucket approaching a realistic situation. The operation space control schema is validated during the excavation simulation process, confirming the methods and model can support the performance analysis and design of a sampling mechanism for lunar explorations.
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Introduction
In recent years, lunar exploration is regaining great attention throughout the world, and many countries that are ambitious in astronautics have begun researching lunar regolith sampling. Owing to the limited load capacity of rockets, it is necessary to optimize the performance of the sampling mechanism due to the external load. So it is very important to research the tool-soil coupling interaction in the lunar regolith sampling process. This research investigates the coupling between the lunar soil particles and the sampling mechanism under automated operation, and will be conducive to the optimal design for the sampling mechanism.
Generally, the sampling depth of lunar soil that is less than 1 m is called lunar regolith sampling. The usual sampling procedure is to excavate lunar regolith using a manipulator with a shovel-shaped end effecter carried by a lunar rover. 1, 2) The contact forces between the bucket and discrete lunar soil particles is affected by the external load on the end of the manipulator. During the sampling process, the lunar soil deforms and is broken down by the sampling mechanism. Therefore, predicting the external load is extremely complex but very significant in designing the mechanism. In addition, the physical and mechanical properties of the lunar regolith are very different from the soil on Earth, 3) which contributes to great difficulty when analyzing toolsoil coupling interaction.
The discrete element method (DEM) [4] [5] [6] is commonly used for soil modeling: Jiang presented a two-dimensional contact model considering granular material incorporating rolling resistance 7) and Van der Waals force. 8) Matsushima et al. described a procedure used to characterize the threedimensional grain shape of lunar soil and conducted simulations of lunar soil using image-based DEM.
9,10) Taylor studied the wheel deposition 11) and driving performance of the lunar rover, [12] [13] [14] and discussed the interaction between the wheels and soil using DEM. But only a few studies have been done on lunar soil modeling: Hong studied the load status of the flat plate at the moment when applying force to the soil using the numerical limit analysis method on the background of lunar and Mars exploration. 15) Bui et al. simulated and experimented with the process of the flat plate promoting the soil horizontally using DEM, and discussed the effect of gravity during the lunar soil excavation process. 16, 17) The above studies only carried out a static analysis or dynamic analysis in simple motion, so a realistic sampling process and coupling analysis with the dynamics of the sampling manipulator system are required.
In this paper, a lunar regolith model in three-dimensional DEM that includes the torsion, bending and equivalent attraction between two particles is proposed. Then the whole sampling process, in which a circular arc-shaped bucket is used as the end effector, of the manipulator in a lunar rover is simulated. The dynamic model of a sampling manipulator system that interacts with lunar soil is established, and operation space control is applied to make the bucket move along the expected trajectory during the sampling process.
The simulation results support the performance analysis and design for sampling mechanisms in future lunar explorations.
Model of the Lunar Regolith

Particle contact model
Interactions between particles include not only traditional normal and tangential forces, but also torsional and bending torque, and a three-dimensional DEM of colliding particles with torsional and bending torques are shown in Fig. 1 .
In Fig. 1 , i and j are two particles in contact with each other, K n is the normal contact stiffness and K tw is the torsional stiffness. As plane vectors, the tangential and bending strain can be taken as two components along the x axis and z axis, respectively. Note that K sx and K sz are the tangential contact stiffness, K rx and K rz are bending stiffness, and " x and " z are friction coefficients. For simplicity, usually we can get:
Normal and tangential contact forces
Most conventional calculations do not consider the cases in which two particles are embedded in each other. For two separated particles, the mutual gravitational forces between them are usually ignored by adding a non-tensional connector or splitter. However, between real lunar soil particles, there still exists strong attractive forces; for instance, electrostatic attraction, Van der Waals force and so forth. In this model, those complicated forces are comprehensively regarded as an equivalent attraction against simple spring tension. Set a maximum boundary value as the attraction failure zone. The normal contact force is described as:
where " n is the normal strain, n is the normal unit vector, ! d is the numerical damping coefficient to represent the global damping effects by introducing force of equivalent attraction. Meanwhile, tangential contact force can be expressed as:
where K s is the tangential contact stiffness, " s is the tangential strain, ' is the friction angle of particle, and C s is the critical tangential cohesion to represent the maximum tangential component of equivalent attraction. When the normal or tangential contact force reaches the maximum, three cases appear according to different relative positions and their history paths ( Fig. 2) :
(1) When tangential contact force reaches its maximum first, the two particles are still embedded in each other and the tangential contact force changes from F n tan ' þ C s to F n tan ' due to the growth restriction of the tangential contact force.
(2) When tangential contact force reaches its maximum first, the two particles are already separated, so the tangential contact force changes from F n tan ' þ C s to 0. The normal contact force becomes 0 and the pattern of the particles enters the equivalent attraction failure zone.
(3) When normal contact force reaches its maximum first, the two particles are certainly separated since the normal contact force is limitless when embedded. The tangential and normal contact forces become 0 simultaneously, and the pattern of the particles enters the equivalent attraction failure zone.
In the direction of centroid connection vector between two particles, the normal contact force does not produce additional torque. Perpendicular to the centroid connection vector, the tangential contact force acts on the contact points and produces additional torque transferred to the centroid of the two particles:
where d 1 and d 2 are the distances between the contact points in particle i and particle j.
Torsional and bending torques
Torsion and bending are the major torques between the particles, and have a huge effect on the shearing strength of the lunar soil. First, we establish the relationship between the relative angle and the difference of the angular velocity using iteration as follows:
where Â tw is the relative torsional angle, Â rx and Â rz are relative bending angles, and Prj i represents the component in a certain direction. Then, the torsional and bending torques, in terms of defined contact stiffness, can be calculated as follows:
where K tw is torsional stiffness and K r is bending stiffness.
Microscopic parameter calibration
With the expectation of making the DEM model approach the real mechanical properties of lunar soil, it is necessary for the DEM model to take the tri-axial test to calibrate the microscopic parameter.
Macroscopic parameters of lunar soil show the mechanical properties of lunar soil, especially the cohesion, c, and the internal friction angle, 0, which influence the shear strength. The commonly used data for cohesion and internal friction angle of lunar soil are shown in Table 1 . 18) Microscopic parameters of the DEM model can be divided into three categories: (1) priori parameter, the confining pressure, ' 3 of tri-axial simulation; (2) fixed parameter, the particle size, d; and (3) variable parameters, particle friction angle, ', particle elastic modulus, E, the tangential to normal stiffness ratio, #, the numerical damping coefficient, D, particle density, &, the critical normal cohesion, C n , the critical tangential cohesion, C s , the bending stiffness, K r and the torsional coefficient, K tw .
We set up a tri-axial simulation test for calibration, taking ' 3 ¼ 50 kPa in the contact analysis process of the singlevariable test. Considering the computational ability and efficiency, particle size d cannot entirely take actual values. In this experiment, take the average particle radius as 1 mm and the linear distribution range as 0.5-1.5 mm. By adjusting the variable parameters, the modified model equivalent to real lunar soil in macroscopic mechanical properties can be obtained.
Based on the tri-axial compression test for an actual lunar (Fig. 3) under the confining pressure 53 kPa on Earth, we can adjust five different sets of each microscopic parameter using the single-variable method until the stress-strain curves approach the results in Fig. 3 .
Finally, the microscopic parameters of a DEM whose macroscopic mechanical properties coincide with real lunar regolith are calibrated in Table 2 .
Then, we can make use of calibrated microscopic parameters, and three stress-strain curves are obtained under simulations with three different confining pressures, as shown in Fig. 4 .
Take the peak of the stress-strain curve as the major principal stress in each group, ' 1 ¼ 249:2 kPa, 358.2 kPa, 490.3 kPa and ' 3 ¼ 50 kPa, 75 kPa, and 100 kPa, respectively. Mohr's circles are drawn based on the three sets of values. Even if the shear strength envelope is theoretically tangent to Mohr's circle, its accuracy cannot be assured due to the unavoidable errors in experiments. Results of the shear strength envelope, which can be obtained using the least-squares method, are shown in Fig. 5 .
As a result, the cohesion, c, is 0.97 kPa and the internal friction angle, 0, is 42. 03 , which can satisfy the requisite performance for simulating real lunar soil.
Dynamics and Control of the Sampling Manipulator
Model assumption
A lunar rover carries a sampling manipulator composed of three links and a bucket at the end of the final link. The manipulator has three rotational degrees of freedom. When beginning to sample lunar regolith, the tip of the final link moves along a circular trajectory as lunar regolith is collected into the bucket as shown in Fig. 6 . Assumptions in the dynamic model of the lunar rover and the sampling manipulator are as follows:
(1) Each link of the sampling manipulator is a rigid body.
(2) In the sampling process, the position and attitude of the base are fixed.
(3) The nonlinear characters for joint motors, such as clearance and flexibility, are neglected.
(4) At each moment of the sampling process, the forces applied on the bucket from related lunar regolith particles are combined and applied to the endmost point of the manipulator's final link as an external load. Critical normal cohesion (kPa) 0.9
Critical tangential cohesion (kPa) 1.2
Bending coefficient 10
Torsion coefficient 3 
Dynamics modeling
According to the above assumptions, we define the coordinate system for the sampling manipulator and lunar rover as follows: the inertial coordinate system is AE I , the base coordinate system is AE B with its origin at the centroid of the lunar rover, the end coordinate system is AE E . Joints are hinged around the Z-axis and the rotation angles, 1 ; 2 and 3 (see Fig. 7 ). A dynamic model for the lunar rover and sampling manipulator was established using Lagrange equations as follows:
Operation space control
In the sampling process, lunar regolith is broken down by the sampling device. Therefore, the contact force changes continuously and it is considered as the variable external load of the manipulator. We apply operation space control to the manipulator, so the manipulator can sample lunar regolith according to the expected tip trajectory with the variable external load from the lunar soil.
According to the bottom part of the dynamic equation (7):
The base of the lunar rover effected by gravity and the lunar regolith is fixed on the surface of the moon, so € x x b ¼ 0, and the control torque is simplified as:
The control torque can be obtained by the operation space control schema:
The velocity of the end tip is obtained by:
Defining e ¼ x h À x hd as the operation space position error of the tip, and substituting it into the dynamic equation, the operation space error equation, which is an ordinary differential equation, can be obtained:
4. Dynamic Simulation of the Sampling Process
Simulation condition
We set a rectangular box as the container of the lunar particles. The box is 0.5 m in length, 0.1 m in height and 0.09 m in width. The shape of the bucket is a quarter of a circular arc with a radius of 0.1 m. The width of the bucket is 0.06 m. The bucket starts from left of the box and rotates around a certain point during the sampling process. The rotation angular velocity is 25 /s. The particle radius is set as that described in Section 2.4. The micro-parameters of the lunar regolith are set as stipulated in Table 2 . The gravity on the moon is 1.633 m/s 2 .
Dynamic simulation of lunar soil
The dynamic simulation process for lunar regolith sampling is shown in Fig. 8 . Figure 8 shows the sampling process. The bucket moves along an arc and lunar regolith is collected. Some of the particles in the bucket fall out due to the gravity. Sub-graphs (c) and (d) indicate that, after excavating, a trench appears and the particles on both sides of the trench do not fall back into the trench. This phenomenon is in agreement with the test results of the Surveyor 7 spacecraft on the lunar surface. 20) At any moment during the sampling process, the real-time positions, velocities and forces of all the lunar regolith particles are monitored. The final mass of the sample soil in the bucket is counted as 287.07 g. Figure 9 shows the applied force and torque curves of the bucket during the sampling process. While excavation depth increases, more particles move into the bucket which generates resistance contact force on the bucket. Towards the end of the process, as the bucket begins to retract from the soil, the resistance decreases. The amount of particles in the bucket gradually sta- bilizes, and the vibrations caused by the force and torque on the bucket begin to dissipate. Finally, the force and torque applied to the bucket only account for the gravity of the lunar soil sample, which is very small as shown in Fig. 9 . The resultant force is less than 25 N, and the resultant torque is less than 5 Nm.
Tool-soil Coupling Interaction Analysis
Simulation condition
Dynamic properties of the lunar rover and sampling manipulator are shown in Table 3 .
The tip of the manipulator moves around a fixed point ðx c ; y c ) and along a circle with the radius of r. The angle between the vector from the fixed point to the tip and the þx direction of the inertial system is c , which changes as c ¼ 0 À !t. The attitude angle of the bucket is ¼ c + 45 . The relationship of these parameters is shown in Fig. 10 . So the expected position, velocity and acceleration of the tip are obtained as follows: 
Simulation and analysis for tool-soil coupling
The manipulator moves along the expected trajectory while the external force and torque on the bucket from the soil are applied. Operation space control is used for the manipulator. The whole simulation is shown in Fig. 11 , which records the history trajectories of all the bodies of the sampling mechanism, and Fig. 12 indicates tracking performance for the expected trajectory of the tip. This simulation proves that the bucket can move along the expected circle, and the actual trajectory can track the desired trajectory accurately with only minimal error in the initial stage. Operation space control can make the bucket move along the expected trajectory even when the disturbance of the external variable load from lunar soil is applied.
The sampling mechanism status is shown in Fig. 13 . The joint angle changes smoothly, and the position and attitude of the bucket can be tracked accurately. Though the displacement and the angular velocity have a little error at the beginning stage due to the external uncertain load, they converge to the expected trajectory soon later. Figure 13(f) indicates that the manipulator is mainly driven by joint 1 and joint 2 in the sampling process. The torque of joint 1 is about 35 Nm, and the torque of joint 2 vibrates around 0 with the amplitude less than 10 Nm. The torque of joint 3 is less than 5 Nm. The joint torque has some oscillations in the whole sampling process to adapt the external variable load applied to the bucket.
Conclusions
In this paper, the sampling process for lunar regolith was studied and the following conclusions were obtained:
(1) A modified 3D discrete element model for lunar regolith was built by considering the torque, bending and equivalent attraction between two particles. Microscopic parameters were calibrated based on a tri-axial simulation test, and coincided with the results of physical experiments from other literature.
(2) The dynamics model of the sampling manipulator was established using Lagrange formulations, and an operation space control schema was designed for the sampling procedure and validated using numerical simulation.
(3) The modeling and calibration methods for the lunar soil sampling in this investigation would support the performance analysis and design of the sampling mechanism in the future lunar explorations.
